The electronic properties of a-plane and m-plane InN have been investigated by x-ray photoemission spectroscopy, infrared reflectivity, and surface space-charge calculations. Electron accumulation has been observed at the surface of nonpolar InN and the surface Fermi level has been found to be lower than previously observed on InN samples. A high electron density in the InN close to the interface with GaN was found in each nonpolar InN sample.
Indium nitride ͑InN͒ has been the subject of intense research in recent years, largely due to its potential application in optoelectronic devices such as high-efficiency solar cells, light emitting diodes, and high-frequency transistors. 1 Despite extensive studies of many physical properties of InN, there remain limitations for device applications due to an electron accumulation layer at the InN surface. 2, 3 However, for some applications, such as gas sensors and terahertz emitters, the presence of an electron accumulation layer is potentially beneficial. 1 Electron accumulation has been observed at the clean surface of wurtzite In-and N-polar c-plane and nonpolar a-plane InN, 4 and additionally at the nonpolar m-plane surface of InN nanocolumns, 5, 6 as well as at the surface of zinc-blende InN. 4 Segev and Van de Walle 7 suggested from first-principles calculations the absence of the electron accumulation layer at the reconstructed surface of a-plane ͑1120͒ and m-plane ͑1100͒ InN because of the absence of In adlayers. This lack of electron accumulation was demonstrated on in situ cleaved a-plane InN ͑Ref. 8͒ but not on as-grown surfaces. 4, 5, [8] [9] [10] This letter reports high resolution x-ray photoemission spectroscopy ͑XPS͒ and infrared ͑IR͒ reflectivity of nonpolar InN samples grown under In-rich and N-rich conditions. Using these techniques the surface Fermi level has been found to be lower than previously observed on as grown InN films. High values of the plasma frequency close to the interface with the GaN buffer layer have been found, indicating a high electron concentration in this region.
Nonpolar InN thin films were grown under either In-or N-rich conditions by plasma assisted molecular beam epitaxy. The a-plane ͑1120͒ and m-plane ͑1100͒ InN films were grown on a-plane and m-plane free-standing GaN ͑Mitsubishi Chemical Co.͒, respectively, with a ϳ50 nm ͑ϳ20 nm͒ GaN buffer layer grown under Ga-rich conditions for a-plane ͑m-plane͒ InN. 11, 12 Sample preparation was achieved by etching in a 10 mol/l HCl solution for 60 s to reduce the oxide layer. High-resolution XPS measurements were performed on samples of nonpolar InN using a Scienta ESCA300 spectrometer at the National Centre for Electron Spectroscopy and Surface analysis, Daresbury Laboratory, U.K. Details of the spectrometer are reported elsewhere. 13 The IR reflection from nonpolar InN samples was measured using a Bruker Vertex 70v Fourier transform IR spectrometer ͑FTIR͒. The reflection spectra were recorded for an incident and reflected angle of 35°to the surface normal. All measurements were performed at room temperature.
IR reflectivity was performed on the nonpolar InN films to determine their bulk conduction electron plasma frequency from which the bulk Fermi level ͑E bF ͒ position was found. The experimental and simulated IR reflectivity spectra are presented in Fig. 1 . The oscillations observed in the experimental spectra are due to Fabry-Pérot interference, corresponding to the total InN film thickness ͑d 1 +d 2 , see Table I. oscillator dielectric model. To account for the effects of surface roughness, partial coherency of the reflection was applied in the modeling but it had only a very small effect. Atomic force microscopy ͑AFM͒ was used to determine the morphology of the surface and the roughness of all nonpolar InN samples. The average roughness for a-plane and m-plane InN samples was 0.9 nm and 1.1 nm from the 3 ϫ 3 m 2 scans, respectively, and these values were used in the simulations. A three layer model consisting of an InN layer, an InN interface layer and bulk GaN was applied to simulate the experimental spectra ͓Figs. 1͑a͒-1͑c͔͒. The high frequency dielectric constant and static dielectric constant for InN ͑InN interface layer, GaN͒, ͑ϱ͒ = 7.80 ͑Ref. 14͒ ͑6.90, 5.35͒ and ͑0͒ = 14.11 ͑12.48, 8.90͒ have been used to simulate the IR reflectivity spectra. The other parameters used in the simulations are given in Table I . From the plasma frequency, the bulk carrier concentration has been calculated to be 1 -2 ϫ 10 18 cm −3 , and the bulk Fermi level position was found to be ϳ0.70-0.75 eV above the valence band maximum ͑VBM͒ for each nonpolar sample.
The VB photoemission for nonpolar InN and for previously studied c-plane InN ͑Ref. 15͒ is shown in Fig. 2 . The position of the surface Fermi level ͑E sF ͒ was determined by extrapolating a linear fit to the leading edge of the VB photoemission. 16 It has been found that the E sF for all nonpolar cleaned samples is 1.24Ϯ 0.10 eV. The values of E sF are lower than previously determined for c-plane and a-plane InN.
4,10 Segev and Van de Walle suggested that the microscopic origin of donor-type surface states is In-In bonding in In adlayers at the InN surface. 7, 17, 18 This is consistent with core-level XPS measurements of the samples studied here, which indicate an In-rich surface in each case. Model calculations ͑using the scheme introduced in Refs. 13 and 19͒, indicate ϳ1 ML of In above the nonpolar InN bulklike termination in each case, significantly lower than found in a previous study of both a-and c-plane InN ͑3.0 ML and 3.4 ML, respectively͒. 13, 19 One should note, however, that some residual oxygen contamination remained following the surface preparation, and one sample ͑a-plane In-rich InN͒ exhibited some In-droplets, observed by AFM, making detailed quantitative analysis of the adlayer coverage difficult.
Given a band gap of 0.64 eV, 20 the surface Fermi level is above the bottom of the conduction band, indicating a downward band bending at the surface of all the nonpolar InN samples. The E sF and band bending values are listed in Table  II 
is not yet clear. More research involving the correlation of the surface electronic properties of InN with detail surface structural characterization is required, after different surface preparations. This would verify whether there is a causal link between the presence of In adlayers and surface electron accumulation and determine whether the latter can be further decreased.
As mentioned above, a three layer model has been applied in the modeling of the IR reflectivity spectra. A model containing just an InN layer and bulk GaN did not produce satisfactory simulated spectra, as shown in Fig. 1͑d͒ . Including a surface layer did not make much difference to the simulated spectra, in agreement with previous investigations, 22 and simulations with a graded interface 23 also made negligible difference. The plasma frequencies have been found to be 230-320 meV, corresponding to a sheet carrier concentration of 2.4-3.5ϫ 10 14 cm −2 for the interface layer. This is higher than previously determined for c-plane InN. 15 Several independent groups have discussed the origin of increased electron concentration close to the interface in c-plane InN by considering the possible effects of both unintentionally incorporated impurities and threading dislocation densities on the electron transport properties of InN. [23] [24] [25] [26] [27] [28] The lower growth temperatures used for the growth of nonpolar InN ͓380-450°C ͑Refs. 11 and 12͔͒ compared with c-plane InN ͓450-540°C ͑Refs. 27 and 29͔͒ are likely to increase the impurity incorporation, increasing the density of donors close to the interface resulting in high plasma frequency values. This was confirmed by secondary ion mass spectrometry indicating that for m-plane InN the oxygen impurity density was approximately constant at 1 ϫ 10 17 cm −3 in the bulk InN and increased to 1 ϫ 10 18 cm −3 toward the InN/GaN interface, and then rapidly decreased to 5 ϫ 10 16 cm −3 in the bulk GaN. Moreover, Koblmüller et al. 11, 12 have studied the structural properties of nonpolar InN and found basal-plane stacking faults where defects and/or impurities could be localized, contributing to the interface-related carrier concentration.
In conclusion, we have shown that the film quality of both a-plane and m-plane InN is significantly improved, as indicated by their lower bulk carrier concentration than many previous nonpolar InN films. 30 A high carrier concentration has been found in the nonpolar InN close to the interface with the GaN buffer layer, that may be due to donors associated with unintentionally incorporated impurities potentially localized at basal-plane stacking faults. The surface Fermi level for all nonpolar InN samples has been found to be lower than previously observed on noncleaved InN samples. The observation of an electron accumulation layer in the presence of a single In adlayer is consistent with previous theoretical predictions. 
